An electric method for measuring magnetic anisotropy in antiferromagnetic insulators (AFI) is proposed. When a metallic film with strong spin-orbit interaction, e.g. platinum (Pt), is deposited on an AFI, its resistance should be affected by the direction of the AFI Néel vector due to the spin Hall magnetoresistance (SMR). Accordingly, the direction of the AFI Néel vector, which is affected by both the external magnetic field and the magnetic anisotropy, is reflected in resistance of Pt. The magnetic field angle dependence of the resistance of Pt on AFI is calculated by considering the SMR, which indicates that the antiferromagnetic anisotropy can be obtained experimentally by monitoring the Pt resistance in strong magnetic fields. Calculations are performed for realistic systems such as Pt/Cr2O3, Pt/NiO and Pt/CoO.
I. INTRODUCTION
Antiferromagnetic materials, which were passively used to pin the magnetization of the adjacent magnetic layer through exchange bias, have now been gaining renewed attention due to the emerging antiferromagnetic spintronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Recently, the realization of all electric writing and readout antiferromagnetic (AFM) solid-state memory shows the efficient approach for manipulating AFM moments, 8 which is well beyond the previous experimental investigation of anisotropic magnetoresistance (AMR) in AFMs, 9, 10 and indicates the potential broad application prospects in AFM recording media. Since low power consumption is also an important index for the ultrahigh-density integrated circuit, 11 one category of AFM materials, antiferromagnetic insulator (AFI), free of the charge current induced Joule heating because of its insulating nature, appear as promising candidates for future spintronics applications. [2] [3] [4] [5] [6] 12 Toward the practical application of AFI, it is of fundamental importance to obtain the AFI magnetic anisotropy as it defines the orientation of the Néel vector ∆ = M A /M A − M B /M B . Owing to the difficulty for ab initio calculation of the magnetic anisotropy, 15 experimental measurement provides a unique perspective for the investigation of magnetic anisotropy.
In analogy to the anisotropy determination in ferromagnets, the key point of measuring the antiferromagnetic anisotropy is monitoring the Néel vector direction under different external magnetic field directions. Generally, the standard approach for probing AFM Néel vector is X-ray magnetic linear dichroism (XMLD) measurement. For the determination of antiferromagnetic anisotropy, several methods are available based on the fitting results including AMR, 16 [23] [24] [25] interest. The characteristic of the SMR is that it only depends on the interplay between electron spin polarization σ at the NM/FI interface and the magnetization M of FI layer. The SMR, which is defined by the difference of the resistivity for magnetization M perpendicular (ρ ⊥ ) and parallel (ρ ) to the current J C , can be formulated as ρ SMR =ρ − ρ ⊥ . Since SMR measurement in NM/FI bilayers can directly tell the axis of magnetization M of FI layer without distinguishing the inversion of the magnetization, [23] [24] [25] it should be able to determine the antiferromagnetic Néel vector in a NM/AFI bilayer as well. Besides, in various AFI spintronics experiments, the investigation of spin current transport and SMR when inserting AFI NiO 4-6 or CoO 6,12 between Pt and YIG, indicate the strong interaction between the electron spin polarization σ and the AFI Néel vector ∆.
In this letter, we calculated SMR in Pt grown on Cr 2 O 3 (110) ,CoO(001) and NiO(001) thin films when rotating the external magnetic field in the film plane. The Néel vector angle versus external magnetic field direction at different magnetic field magnitudes were investigated systematically. For the uniaxial AFI Cr 2 O 3 , the external field direction dependence of SMR shows different symmetry for magnetic fields below and above the spin-flop field. While for the biaxial AFI NiO and CoO, the external field direction dependence of SMR was only simulated at the magnetic field magnitude higher than the spin-flop field, since even in the single crystal NiO and CoO, there naturally exist two equivalent inplane magnetic domains. 26, 27 Meanwhile, we successfully reproduced the anisotropy constant in uniaxial AFI Cr 2 O 3 by fitting the SMR simulation curve only with the ex- represent the injected charge current and the spin current absorption in AFI, respectively. MA and MB are the AFI sublattices.
perimental perpendicular susceptibility (which could also be obtained through the first-principle calculation values of exchange interaction constant). This work provides a versatile method to determine the Néel vector and anisotropy constant for both AFI bulk material and thin films.
II. SMR IN NM/AFI BILAYER
Let us consider a NM/AFI bilayer system when an electric current is applied in the Pt film, due to the spin Hall effect (SHE), the charge current will be converted into a spin current J S = θ SH ( /2e)J C ×σ with spin polarization σ perpendicular to the electric current J C . [28] [29] [30] The spin current with spin polarization σ parallel to the film surface is reflected back and gives rise to a induced charge current due to the inverse spin Hall effect (ISHE), 22, 31 as shown in Figs. 1(a) and (b). In analogy to the SMR in NM/FI, in NM/AFI bilayers, when electron spin polarization σ and Néel vector ∆ are not parallel, spin-flip scattering is activated. Figure 1 (b) shows when σ and ∆ are perpendicular(J C ∆), the spin-transfer torque induced absorption at the NM/AFI interface will be maximized, which gives a higher resistance than the state J C ⊥ ∆. And the conductivity enhancement is expected to be maximized (minimized) when the Néel vector ∆ is perpendicular (parallel) to J C . Therefore, the angular dependence measurement of SMR in NM/AFI bilayers can be utilized to determine both the Néel vector and anisotropy constant in AFI.
In an AFM material, the Néel vector will stay along the easy axis below the Néel temperature due to the anisotropy. When applying magnetic field H parallel to the easy axis with magnitude larger than the critical field H C , the Néel vector will suddenly changes its direction perpendicular to H, this first-order transition is called spin-flop transition. Since in general cases, the Néel vector in AFM is determined by both the external magnetic Easy Axis
Schematic for the distribution of the sublattice magnetizations in uniaxial AFI Cr2O3(110) thin film and the external magnetic field H. The easy axis and the Néel vector ∆ in Cr2O3(110) are represented with the dashed arrows. The angles relative to the easy axis are labeled with θA, θB and θH. φ and ψ represent the tilting angle, the angle between the external field and the Néel vector, respectively.
field and the magnetic anisotropy, a natural question is that if magnetic field H deviates from the easy axis with angle θ H , which direction should the AFM Néel vector ∆ point to? Kittel, 32 Keffer and Kittel, 33 Nagamiya, 34 and others 35 have treated the dynamic response of antiferromagnetically coupled sublattices under different magnetic field direction with molecular field approximation, and here we only focus on the static equilibrium condition.
The total magnetic energy of a bulk collinear twosublattice AFM in a external magnetic field can be phenomenologically written in the following form 36 :
where M i (i=A,B), J(J > 0), H and ε ani represent the sublattice magnetization, exchange interaction constant, external magnetic field and magnetic anisotropy energy respectively.
A. Uniaxial AFI Cr2O3
In uniaxial AFI Cr 2 O 3 (110) film, the vectors M A , M B , H in Eq. (1) and the corresponding angles θ A , θ B , θ H with the easy axis are illustrated in Fig. 2 . ψ is the angle between the external magnetic field and the Néel vector. The magnetic anisotropy energy could be represented as
is the anisotropy constant. In Fig. 2 • when H ⊥ ∆ with magnitude H ≈ 60 kOe.
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Assuming the χ 2 part is negligibly small, we can get the balance of torque equations from Eq. (1), written as
Using the relation 2M 0 sinφ = χ ⊥ H ⊥ ( χ ⊥ is the perpendicular susceptibility with H ⊥ ∆) and neglecting the χ χ ⊥ part, the results of Eq. (2) are
Eq. (3) can be replaced with a simple formula
is usually much smaller than the exchange constant J. Therefore, the perpendicular susceptibility χ ⊥ is directly related to the exchange constant J (which can be obtained with firstprinciple calculation [37] [38] [39] ) through Eq. (3). Define θ ∆ ≡ θ H − ψ, and Eq. (4) can be transformed into
Substituting the parameters in Eq. (5) with the experimental results of susceptibility χ = 1.49 × 10 −6 emu/g, χ ⊥ = 22.4 × 10 −6 emu/g and the anisotropy constant K= 38080 ergs/g in bulk material Cr 2 O 3 , 19 we plot the θ ∆ − θ H curve under different magnetic field magnitudes, which is shown in Fig. 3(a) . The spin-flop field in AFI Cr 2 O 3 can be calculated as H SF = 2K/(χ ⊥ − χ ) ≈ 60 kOe at 300 K. In Fig. 3(a) , for H H SF , the Néel vector almost stays along the easy axis with just a small perturbation. And this perturbation of sublattice magnetization becomes stronger with increasing the magnitude of the external magnetic field. Especially for the case when H ≈ H SF , the angle of Néel vector θ ∆ shows a drastic change when the external magnetic field direction is near the easy axis, since the first order spin-flop transition happens as the magnetic field parallel to the spin axis. While H H SF , the AFM Néel vector follows the external field direction with a relative fixied angle ψ.
With the external field dependent AFM Néel vector, it is easier for us to quantitatively analyze the angular dependent SMR in NM/AFI bilayer under fixed magnetic field magnitude. The interface spin current depends on the relative direction of the magnetization and spin accumulation direction, following the formula (G r /e)m×(m×µ S ), where G r is the interface spinmixing conductance. m is the magnetization direction, and µ S is the spin accumulation direction at the interface. 22, 23 In the AFI Cr 2 O 3 , the interface spin accumulation interacts with both the two sublattice magnetizations M A and M B . Since the tilting angle φ and H induced magnetization is negligibly small, we can obtain ∆ = m A − m B ≈ 2m A . The interface spin current can be described as
where for the magnetization direction m in the FI. Considering the fact that the current induced spin accumulation is polarized along the easy axis (which we define as the y direction), the longitudinal charge current is modulated as y · [∆ × (∆ × y)] and the longitudinal SMR resistivity change is ρ xx = ρ xx0 − δρ S ∆ 2 y , δρ S is the term correlating with the spin mixing conductance and ρ xx0 is the resistivity when magnetic field parallel to the easy axis. In a Pt/YIG bilayer, the ratio between the change of resistivity and the resistivity δρ S /ρ xx0 is about 10 −4 . 22 For the comparability of angular dependent SMR under different magnetic fields, it is common to use the normalized longitudinal resistivity, which is defined as
Figure 3(b) shows the simulated angular dependence of normalized longitudinal resistivity in Pt/Cr 2 O 3 (110) under different magnetic fields. θ H is the angle between the easy axis (y direction) and the magnetic field, as shown in Fig. 2. For H H SF , the curve shows a totally different symmetry with the conventional cos 2 θ dependence of SMR measured in NM/AFI. As the external field magnitude increases to the spin-flop field, a notable resistance change appears around θ H = 0, which is also shown in the θ ∆ − θ H curve, due to the competition between the external magnetic field and magnetic anisotropy. With the magnitude increasing far beyond the spin-flop field H H SF , the SMR curve gradually degenerates into the cos 2 θ symmetry. 
B. Biaxial AFI NiO and CoO
For biaxial AFI NiO(001) and CoO(001) films, the magnetic anisotropy energy in Eq. (1) is represented as ε ani = −Kcos4θ ∆ , and θ ∆ is the angle between Néel vector ∆ and one of the anisotropy axis. Figure 4 shows the sublattice magnetization vectors and the applied external magnetic field in NiO(001) and CoO(001) plane. The Néel vector and two equivalent easy axises are represented by the dashed line. We assume the Néel vector initially stays in the (001) surface plane of NiO and CoO. Following the procedure described above, we found that θ ∆ satisfies:
In a single-crystalline NiO bulk material, the spin-flop field in the (111) plane is given as H SF = 4 K/(χ ⊥ − χ ) = 2400 Oe at 300 K, while the parallel and perpendicular susceptibility are χ = 6.1 × 10 −6 emu/g and χ ⊥ = 12.2 × 10 −6 emu/g, respectively. 40 Combining the magnetic torque data obtained in the (001) and (111) plane of single-crystalline NiO 26 with the anisotropy constant obtained through the spin-flop field in the (111) plane 40 , we estimate the anisotropy constant in the (001) plane is K = 5.25 ergs/g. Substituting the parameters in Eq. (8) with the corresponding values in the NiO(001) plane, we obtain the angular dependence of the Néel vector direction when the external magnetic field rotates in the (001) plane with fixed magnitude, as shown in Fig. 5  (a) . When H ≈ H SF , the distinct bump at the magnetic field direction θ H = π/4 also shows the strong interplay between the external field and anisotropy field. At H H SF , the Néel vector ∆ almost follows the magnetic field direction with an angle. The angular dependence of the normalized longitudinal resistivity with different field magnitude is shown in Fig. 5 (b) . The angular dependence gradually changes to the cos 2 θ type with increasing the magnitude of the external magnetic field.
In a single-crystalline CoO bulk material, the spin-flop occurs around H SF = 120 kOe at 77 K when the external magnetic field is applied along the direction [001] . 41 The 
III. SMR RESULTS FITTING
Since the SMR curve in NM/AFI bilayer shows distinctive line shapes under different magnetic fields, it is possible to obtain the anisotropy constant via the SMR curve fitting. Taking the simulated SMR results of Pt/Cr 2 O 3 (110) as an example, we now try to find out whether the original input parameters could be reproduced through the curve fitting. And the fitting formula is given by combining the Eq. (5) and Eq. (7) 35 MR norm xx
where we keep χ ⊥ as the known parameter. The K and χ are taken as the fitting parameters. emu/g, and K = 37882 ergs/g, which agrees with the input parameters and proves the feasibility of anisotropy
